We have previously reported that substantial amounts of tocotrienols were present in the skin of animals fed a diet containing a tocopherols and tocotrienols rich fraction (T-mix) extracted from palm oil, and further, that sesame lignans enhanced tocotrienol levels in the skin. The present studies were undertaken to determine whether dietary tocotrienols and those with sesamin could protect the skin from damage induced by UVB irradiation in hairless mice fed four diets: a vitamin E-free diet, a 50 mg/kg ␣ -tocopherol diet, a 229 mg/kg T-mix (with 50 mg ␣ -tocopherol) diet and a 229 mg/kg T-mix with 2 g/kg sesamin diet. In Experiment 1, mice were fed the diets for 6 wk, and half of the mice were exposed to 180 mJ/cm 2 of UVB light once daily for 7 d. After the intensity of sunburn was scored, vitamin E and thiobarbituric acid reactive substances (TBARS) concentrations in the skin and liver were determined. In Experiment 2, hairless mice were initiated with a single application of 7, 12-dimethylbenz[a]anthracene (DMBA), then 1 wk later mice were fed the experimental diets and subjected to 180 mJ/cm 2 UVB irradiation twice weekly for 20 wk. Tumor incidences were counted once a week. Tocotrienols were detected in the skin of mice fed T-mix, but their concentrations were significantly lower than for ␣ -tocopherol. Sesamin elevated tocotrienol contents in the skin. In spite of the high ␣ -tocopherol contents, the effects of ␣ -tocopherol on sunburn and incidence of tumor were slight. T-mix fed groups reduced the extent of sunburn and incidence of tumor, and further reduction of sunburn and incidence of tumor were observed in the T-mix with sesamin group. These results suggest that dietary tocotrienols protect the skin more strongly than ␣ -tocopherol against damage induced by UVB and sesamin enhances tocotrienol effects.
Ultraviolet irradiation induces serious skin problems. UV light produces various reactive oxygen species (ROS) in the skin. ROS attack lipids, proteins, and nucleic acids in the skin, and cause skin damage such as sunburn, wrinkles, and skin cancer ( 1 -3 ) . It is well known that enzymic and non-enzymic antioxidants contribute to the defense against ROS generated by UV light ( 4 ) . There are extensive studies on the reduction in skin damage from the effects of vitamin E ( 5 -9 ). Chen et al. ( 7 ) reported that the mutation of the p53 gene by UV irradiation is prevented by topical application of ␣ -tocopherol. Gerrish and Gensler ( 8 ) and Kuchide et al. ( 9 ) reported that oral feeding of ␣ -tocopherol reduced photocarcinogenesis induced by UVB light in mice. ␣ -Tocopherol exhibits the highest bioavailability among the 8 vitamin E homologues because it has the highest affinity to the ␣ -tocopherol transfer protein ( 10 ) . ␣ -Tocotrienol has an unsaturated tail with 3 double bonds, and orally dosed ␣ -tocotrienol exists in smaller amounts than ␣ -tocopherol in most vital organs. However, Podda et al. ( 11 ) , our own studies ( 12 ) , and recently Patel et al. ( 13 ) have reported that substantial amounts of ␣ -tocotrienol were present after feeding in the skin and adipose tissues. Further, there are reports that the antioxidant activity of ␣ -tocotrienol is stronger than that of ␣ -tocopherol in animal cells ( 14 , 15 ) . However, we have reported that sesame seed and its lignans produced higher vitamin E concentrations in the animal body ( 16 ) , and observed that sesame lignans produced higher ␣ -and ␥ -tocotrienols in the skin of rats fed diets containing ␣ -and ␥ -tocotrienol with sesame lignans ( 17 ) .
We speculated as to whether tocotrienols accumulated in the skin from dietary tocotrienols with or without sesame lignans could prevent skin damage induced by UV irradiation. Thus, we examined whether or not dietary tocotrienols would protect against skin damage induced by UVB in hairless mice fed diets containing palm oil extracts rich in tocotrienols (T-mix) alone or with sesamin. In Experiment 1, we examined the suppressive effects of tocotrienols and sesamin on UVBinduced skin sunburn under short term exposure, and in Experiment 2, UVB-induced tumor incidence in DMBA-initiated mouse skin under long term exposure.
MATERIALS AND METHODS
Materials. ␣ -, ␥ -Tocopherols, ␣ -, ␥ -tocotrienols, tocol, and tocotrienol-rich palm oil extraction (T-mix; ␣ -tocopherol: 21.8%, ␥ -tocopherol: 1.0%, ␣ -tocotrienol: 23.4%, ␥ -tocotrienol: 37.4%) were generously donated by Eisai Co. (Tokyo, Japan). Sesamin (a mixture of sesamin and episesamin, 47: 53, w/w) was generously donated by Takemoto Oil and Fat Co. (Aichi, Japan). 7,12-dimethylbenz[a]anthracene (DMBA) was obtained from Tokyo Kasei Kogyo Co. (Tokyo, Japan).
Animals and diets. 5-wk-old female hairless mice (Hos: HR-1 strain) were purchased from Hoshino Laboratory Animals (Saitama, Japan). They were maintained at 24.5˚C Ϯ 1.0˚C with a 12-h light cycle (lights on from 0800 to 2000) and allowed free access to water and food. Mice were fed a commercial diet (CE-2, CLEA Japan, Inc., Tokyo, Japan) for 5 d, then given an experimental diet. The compositions of diets are shown in Table 1 . All procedures were performed in accordance with the Animal Experimentation Guidelines of Nagoya University. Experiment 1. Hairless mice ( n ϭ 32) were fed a diet without vitamin E (VE-free group, n ϭ 8), a diet containing 50 mg/kg ␣ -tocopherol ( ␣ -Toc group, n ϭ 8), a diet containing 229 mg/kg T-mix (T-mix group, n ϭ 8), or a diet containing 229 mg/kg T-mix and 2 g/kg sesamin (T-mix ϩ sesamin group, n ϭ 8) for 6 wk. The experimental diets other than the VE-free one contained 50 mg/kg ␣ -tocopherol. Half of the mice in each group were killed by decapitation, and the skin and liver were taken and stored at Ϫ 80˚C until use for the determination of vitamin E and TBARS concentrations. The remaining mice were given the same diet continually, and received UV irradiation (180 mJ/cm 2 ) once daily for 7 d. The degree of sunburn induced by UV irradiation was evaluated by the intensity of the red color of lesions on the final 7th day in accordance with the procedures of Wang et al. ( 18 ) . Arbitrary units of intensity were measured as follows: 0, no lesions; 1, barely detectable red lesions; 2, moderate red lesions, and 3, bright red lesions. Skin hydration and skin transepidermal water loss (TEWL) from UV irradiation were measured before irradiation and at the 6th day, before the final day of irradiation. Mice were then killed, and the skin and liver were taken and stored at Ϫ 80˚C.
Experiment 2 . All hairless mice ( n ϭ 36) received topical treatment with DMBA (390 nmol/0.1 mL acetone) on the back skin as a tumor initiator . One week later, mice were divided into four groups ( n ϭ 9), and fed the same diets as in Experiment 1. They simultaneously received irradiation with UVB light of 180 mJ/cm 2 twice a week ( 19 ) . Skin papillomas more than 1 mm in size were counted once a week for 20 wk.
UVB light irradiation. Two or three mice were placed in a cage (17 ϫ 24 ϫ 15 cm) equipped with a UV lamp (UVM-28, 302 nm, Upland, CA 91786, U.S.A.). Mice were exposed to an irradiation of 180 mJ/cm 2 from an overhead UV lamp at a distance of 15 cm. An irradiation time of 2 min and 18 s from this instrument was equivalent to 180 mJ/cm 2 . Measurement of skin hydration and skin transepidermal water loss TEWL. Skin hydration and TEWL were measured before and after irradiation. Skin hydration was measured using a corneometer CM 820 (Courage & Khazaka Eletronic GmbH, Cologne, Germany), and was automatically calculated and expressed in arbitrary units, following the method described by Berardesca ( 20 ) . TEWL was measured quantitatively using a Tewameter ® (TM300, Courage & Khazaka, Germany). TEWL was automatically calculated and expressed in g/ m 2 h ( 21 ). Skin hydration and TEWL were measured on the back area in a room with standardized temperature and humidity (24.5˚C and 55% RH).
Measurement of tocopherol and tocotrienol concentrations. The skin was treated in accordance with the methods of Podda et al. ( 11 ) . Briefly, frozen skin was weighed, ground under liquid nitrogen, and homogenized in distilled water. The homogenate (0.5 mL) was put in a test tube, and 0.5 mL of ethanol containing 60 g/L pyrogallol and 1 g of tocol as an internal standard were added. Then, 0.1 mL of 600 g/L potassium hydroxide was added and saponified at 70˚C for 30 min. After the addition of 3.0 mL of 20 g/mL sodium chloride, tocopherol and tocotrienols were extracted with 3.0 mL of hexane containing 10% (v/v) ethylacetate and an appropriate aliquot was dried and suspended in hexane. Tocopherol and tocotrienol concentrations were determined by the HPLC method ( 22 ) . Instrumentation used for HPLC was a Shimadzu LC-10AS (Shimadzu, Kyoto, Japan) with a Shimadzu RF-10AXL fluorescence detec- Table 1 . Composition of the experimental diets. 1 Vitamin-free casein (Wako Pure Chemical Industries, Ltd., Osaka, Japan). 2 AIN93-MX. 3 Vitamin E-free AIN93-VX. 4 Vitamin E-stripped corn oil (Funabashi Farm, Chiba, Japan). 5 T-mix (229 mg) contain 50.0 mg ␣ -tocopherol, 2.3 mg ␥ -tocopherol, 53.5 mg ␣ -tocotrienol and 85.6 mg ␥ -tocotrienol.
tor (excitation 290 nm, emission 323 nm). The analytical column used was a Develosil NH 2-5 (4.6 ϫ 250 mm, Nomura Chemical, Aichi, Japan). The mobile phase was hexane containing 0.3% (v/v) isopropylalcohol and 1.0% (v/v) 4,7-dioxane, and the flow rate was 1 mL/ min. Measurement of thiobarbituric acid reactive substances (TBARS) concentrations . TBARS concentrations in the skin were determined by the method of Ohkawa et al. ( 23 ) . The TBARS concentration is presented as nanomoles of malondialdehyde (MDA), using MDA as an external standard.
Statistical analysis . Results are presented as means Ϯ SE. Data were analyzed by one-way ANOVA with Tukey's post hoc test. Comparison between non-irradiated and irradiated animals was performed using the Student's t -test. Differences with p Ͻ 0.05 were considered significant.
RESULTS
In Experiment 1, the effects of dietary tocotrienols and sesamin on acute skin damage induced by strong short-term UVB irradiation were examined in hairless mice. Figure 1 shows representative photographs of the skin on the backs of hairless mice in each group 7 d after UVB irradiation. The figures given in parentheses are the arbitrary units of the grade of sunburn described in Materials and Methods. The strongest sunburn was observed in the VE-free group, the next strongest in the ␣ -Toc group. Weak sunburn was observed in the T-mix group and the weakest sunburn in the Tmixϩsesamin group.
The effects of UVB irradiation on skin hydration and TEWL were investigated (Fig. 2) . UVB irradiation induced a significant decrease in skin hydration and an extreme increase in TEWL. However, significant differences among dietary groups were not observed either for skin hydration or TEWL.
The effects of diets and UVB irradiation on vitamin E concentrations in the skin and liver are shown in Fig. 3 . Substantial amounts of ␣-tocopherol were observed in the skin and liver. ␥-Tocopherols were not detected in the skin or liver in any dietary group. ␣-and ␥-Tocotrienols were found in the skin of T-mix fed groups, but less than 0.5 nmol/wet g of ␣-tocotrienol and no ␥-tocotrienol was detected in the liver. Sesamin had a tendency to produce higher vitamin E concentration in the skin and liver. UVB irradiation induced decreases of liver ␣-tocopherols and skin tocotrienols, and a slight increase of skin ␣-tocopherols. TBARS concentrations in the skin and liver are shown in Fig. 4 . TBARS concentrations in the skin were in decreasing order in the VE-free, the ␣-Toc, T-mix, and T-mixϩsesamin groups, respectively, but in the liver significantly higher TBARS concentrations were observed in VE-free than in those of the other groups, where there were no differences Fig. 1 . Representative photographs of skin on the backs of hairless mice in each group 7 d after UVB irradiation. The mice were fed experimental diets for 7 wk; a diet without vitamin E (VE-free), a diet containing 50 mg/kg ␣-tocopherol (␣-Toc), a diet containing 229 mg/kg T-mix (T-mix; contained 50 mg/kg ␣-tocopherol), or a diet containing 229 mg/kg T-mix and 2 g/kg sesamin (T-mixϩsesamin). In the last 7 d, mice received UVB irradiation of 180 mJ/cm 2 once daily. The Figures given in parentheses are the mean arbitrary units of sunburn (nϭ4); 0, no lesion; 1, barely detectable red lesions; 2, moderate red lesions; 3, bright red lesions. Fig. 2 . The effects of UVB irradiation on skin hydration (A) and skin transepidermal water loss (TEWL) (B). Skin hydration was measured by corneometer using CM 820 (Courage & Khazaka Electonic GmbH, Cologne, Germany) and skin TEWL was measured using a Tewameter (TM300, Courage & Khazaka, Germany). Dietary groups are the same as in Fig. 1 . Skin hydration and TEWL were measured before irradiation and at the 6th day after irradiation. Values are mean arbitrary unitsϮSE, nϭ4. indicates significant difference between no UV irradiation and UV irradiation, p Ͻ 0.05. Fig. 3 . Vitamin E concentrations in the skin and liver of hairless mice pre-and post-UV irradiation. At pre-irradiation, mice were fed the same experimental diets shown in Fig. 1 among groups. UV irradiation induced rather lower TBARS concentrations in the skin. However, higher TBARS concentrations were observed in the liver after UVB irradiation. In Experiment 2, the effects of T-mix or T-mix with sesamin on papilloma incidence with long term UV irradiation were examined in hairless mice topically applied with DMBA as the carcinogenesis initiator. The results are shown in the percentage of mice with papilloma and number of papillomas per mouse in Fig. 5 . In the first 6 wk no papillomas were found, but at the 7th week a few papillomas were detected in the three groups other than the T-mix ϩ sesamin group, and at the 10th week papillomas appeared in all groups. ␣ -Tocopherol suppressed the incidence of papilloma in the final 4 wk to some degree compared with VE-free, and T-mix clearly suppressed incidence of papilloma at 10 wk. T-mix ϩ sesamin had the lowest incidence of papilloma among the four dietary groups.
DISCUSSION
We have previously reported that ␣ -and ␥ -tocotrienol accumulated in considerable amounts in the skin compared with the plasma and liver ( 12 ) , and sesame seed and its lignans elevated tocotrienol concentrations of the skin of animals fed diets additionally containing tocotrienol ( 17 ) . Further, several reports have described the antioxidant properties of tocotrienols as being stronger than those of tocopherols ( 14 , 15 ) . In the present studies, we examined whether or not dietary tocotrienols and sesamin could protect the skin against damage induced by UVB irradiation by using female hairless mice. The experimental diets contained the same amounts of ␣ -tocopherol (50 mg/kg) except the VE-free diet, and T-mix containing diets contained additional ␣ -tocotrienol (54 mg/kg) and ␥ -tocotrienol (87 mg/kg).
UVB has been demonstrated to produce ROS in the cells and skin which cause lipid peroxidation and DNA damage, resulting in inflammation (sunburn) and cancer. It is well known that UVB can function as an initiator and as promoter of tumorigenesis in mouse skin. In the present studies, we examined whether oral tocotrienols could protect against acute inflammatory skin damage induced by UVB in Experiment 1 and the chronic tumorigenic action of UVB in DMBA-initiated mice in Experiment 2.
As shown in Fig. 1 , severe sunburn was observed in the VE-free group with the next most intense damage appearing in the ␣ -Toc group. T-mix alone and T-mix with sesamin alleviated sunburn. Similar results were obtained with papilloma incidences in Exp. 2 (Fig. 5) . These results suggested that dietary tocotrienols might protect skin against damage induced by UV irradiation.
There are many reports of ␣ -tocopherol protecting the skin against damage produced by oxidative stresses from UVB ( 24 , 25 ) , ␣ -tocopherol levels in the skin decreasing after UV irradiation ( 6 ) or topical application of vitamin E being more useful in comparison with oral ingestion ( 26 ) . On the other hand, a review by Sies and Stahl ( 27 ) showed that while nutritional protection against skin damage from sunlight is provided by carotenoids, tocopherols, ascorbate, flavonids, or n -3 fatty acids, the effects of tocopherols in human dietary photoprotection were slight. However, Kuchide et al. ( 9 ) reported cancer chemopreventative effects from oral feeding of excess ␣ -tocopherol on UVB induced photocarcinogenesis in hairless mice, and Chen et al. ( 7 ) also reported that topical ␣ -tocopherol inhibited cyclobutane pyrimidine dimer formation in the epidermal p53 gene of UV-irradiated mice. Our results indicated that the protective effects of ␣ -tocopherol on skin damage were observed but the effect was slight, and that tocotrienols acted more effectively than ␣ -tocopherol.
As shown in Fig. 3 , ␣ -tocopherol was present in significantly higher concentrations in the skin than tocotrienols. Unexpectedly, UV irradiation did not induce decreased concentrations of ␣ -tocopherol compared with the non-irradiated groups. Liver ␣ -tocopherol concentrations decreased about 40% from UV irradiation. These skin ␣ -tocopherol levels were probably brought about by the skin dehydration induced by UV irradiation, shown in Fig. 2 . We speculate that the skin cell ingredients including vitamin E were highly concentrated by UV irradiation. We could detect ␣ -and ␥ -tocotrienols in the skin of T-mix fed groups, though the concentrations were significantly lower than those of ␣ -tocopherol, and sesamin increased the concentration of ␣ -tocotrienol slightly, but ␥ -tocotrienol significantly. It is noteworthy that the concentrations decreased with UV irradiation in spite of dry skin. These results suggest that tocotrienols, especially ␥ -tocotrienol, protected the skin against the oxidative stress of UV irradiation.
␥ -Tocotrienol has been reported to have antiproliferative effects in neoplastic mammary epithelial cells ( 28 ) and human hepatoma Hep3B cells ( 29 ) . Further, Ahn et al. ( 30 ) demonstrate that ␥ -tocotrienol inhibited the Nuclear Factor-k B activation pathway leading to downregulation of various gene products and potentiation of apoptosis. Although these are all in vitro studies, our results showing that the T-mix with sesamin group had the highest ␥ -tocotrienol level and exhibited the lowest incidence of tumors may support these in vitro studies.
We expected that UV irradiation would produce higher TBARS concentrations, and that vitamin E would suppress high TBARS in the skin. As shown in Fig. 4 , TBARS concentrations in the non-irradiated groups exhibited the results predicted regarding vitamin E concentrations in the skin. However, contrary to expectations, our results showed that UV irradiation produced decreased skin TBARS, though liver TBARS increased from UV irradiation. High TBARS or malondialdehyde caused by UV-irradiation have been reported in human skin ( 31 , 32 ), but Savoure et al. ( 33 ) reported decreased TBARS induced from UV irradiation. Recently, Mulero et al. ( 34 ) have reported on oxidative stress-related markers in a hairless rat model exposed to UV radiation. After acute irradiation with 1.54, 1.93, or 2.41 J/cm 2 of UV irradiation, TBARS content increased at the highest UV dose, whereas TBARS content decreased at lower doses compared with the control. These reports indicate that TBARS content in the skin might fluctuate according to UV light intensity or animal species. Although TBARS is often used as a general oxidative stress-related marker, it might be not an adequate marker of oxidative stress induced by UVB irradiation.
Sesamin produced higher vitamin E concentrations, as observed in our previous reports, though the effects were not substantial. We have reported that mice produced a less marked elevating effect of vitamin E from sesame lignans compared with rats ( 35 ) . In the present study, we observed a statistically significant increase of ␥ -tocotrienol by sesamin in the non-irradiated groups. The higher vitamin E induced by sesamin may have protected the skin against damage from UVB. T-mix with sesamin exhibited the least skin damage in Exp.1 and 2. The effects of sesamin may have been induced not only by the elevated vitamin E but also the antioxidative property of sesamin itself, though this was not verified in the present studies.
In conclusion, our results suggested that dietary tocotrienols were taken up in the skin, and protected the skin against damage produced by UVB. Tocotrienols with sesamin enhanced tocotrienol effects on skin photoprotection.
